Background Surgical robotics has been shown to improve the accuracy of bone preparation and soft tissue balance in unicondylar knee arthroplasty (UKA). However, although extensive data have emerged with regard to a CT scanbased haptically constrained robotic arm, little is known about the accuracy of a newer alternative, an imageless robotic system.
Introduction
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Computer navigation has improved accuracy in UKA, but outliers still occur in as many as 40% of navigated UKAs [13] . Semiautonomous robotic technologies have further improved the accuracy of bone preparation and component alignment with a reduction in outliers compared with conventional techniques [5, 7, 17, 28, 29] . Robotic technologies were used in approximately 14% of UKAs implanted in the United States in 2012 [25] . Currently FDA-approved systems used for UKA are semiautonomous, which means that the surgeon moves the robotic instrument, but the device is preprogrammed with virtual boundaries that constrain a motorized burr from removing more bone than planned.
Initial robotic systems for UKA in the United States combine a preoperative CT scan and intraoperative mapping to register anatomic landmarks with a haptically constrained surgeon-driven robotic arm that constrains a sculpting burr within the defined space of the knee [5, 7, 17] . A newer alternative robotic system is an image-free, surgeon-controlled handheld robotic sculpting tool that relies on intraoperative landmark mapping with safeguards achieved by controlling burr exposure and/or speed to enhance precision of bone preparation [28, 29] . Because this image-free approach is new, the accuracy of the final implant placement should be assessed for errors compared with the planned implant placement. Therefore, the purpose of this cadaveric study is to report on the accuracy of the imageless semiautonomous freehand robotic sculpting system in performing bone resection and preparation in UKA.
Materials and Methods

Robotic Description and Technique
The Navio TM Precision Freehand Sculpting system (Navio TM ; Blue Belt Technologies Inc, Plymouth, MN, USA) is an imageless handheld robotic tool ( Fig. 1) . Implant planning and development of the cutting zone take place entirely intraoperatively without the need for a preoperative CT scan. The system continuously tracks the position of the patient's lower limb and the handheld robotic device using an infrared navigation system.
The system is imageless in as much as it does not use a CT or MRI to map the femoral and tibial condylar surface. It therefore relies on accurate registration of intraoperative knee kinematic assessment, anatomic landmarks, and surface mapping of the knee using a calibrated optical probe designed for use with this robotic system.
After percutaneous insertion of bicortical partially threaded pins into the proximal tibia and distal femur and attachment of optical tracking arrays, mechanical and rotational axes of the limb are determined intraoperatively by establishing the hip, knee, and ankle centers. Either the kinematic, anteroposterior (Whiteside) or transepicondylar axes of the knee are identified and selected to determine the rotational position of the femoral component. The condylar anatomy is mapped out by ''painting'' the surfaces with the optical probe. In this way intraoperative mapping can be completed without a preoperative CT scan. This registration process takes approximately 5 minutes on average. The intraoperative data then are used by the system's software algorithms to determine the coronal, sagittal, and axial bone axes and morphology.
A virtual model of the knee is created. Implant planning for component sizing, alignment, and volume of bone removal takes place intraoperatively ( Fig. 2A) . The surgeon selects the implant size that best fits the patient's anatomy and closely matches the size of the condyle to be replaced as well as its position in the coronal, sagittal, and rotational planes. Subsequent steps are directed at determining gap and ligament balance after virtual implant positioning, removal of osteophytes, and stressing of the ligaments and soft tissues. Osteophytes are excised and a dynamic soft tissue balancing algorithm is initiated. With an applied valgus stress to tension the medial collateral ligament (for medial UKA) or a varus stress to tension the lateral structures (for lateral UKA), the three-dimensional positions of the femur and the tibia are captured throughout a passive range of knee motion. A graphical representation of gap spacing through the range of flexion is created and determination is made regarding whether the planned position of the femoral and tibial component is adequate or adjustments can be made to achieve the desired soft tissue balance. By adjusting the implant position, including tibial slope, depth or resection, and anteriorization or distalization of the femoral component, the virtual dynamic soft tissue balance can be achieved. Adjustments in implant position and size ( Fig. 2A) can be made to optimize soft tissue balance ( Fig. 2B ) and component tracking and position before beginning bone preparation (Fig. 2C) .
Unlike predicate robotic technologies that provided haptic constraint through a robotic arm, this system works with a combination of speed and exposure control safeguards applied through a lightweight, handheld, surgeondriven semiautonomous robotic sculpting tool. In ''exposure'' mode, the 5-or 6-mm burr is continuously moving and is switched on and off by the user by pressing or releasing a foot pedal. A guard covers the burr, which only extends past the guard when the burr is in the ''expected'' cutting zone. The cutting zone is predetermined by the surgeon during the implant planning stage of the operation and the system modulates the exposure distance of the burr tip beyond the protective sheath. The position data are continuously updated in real time, resulting in fluid adjustments in the position of the burr tip. When the Fig. 1 The Navio TM handpiece includes a blue clamshell central unit for the user to grip, an array to allow it to be tracked by the system, and a metal guard covering the burr. Calibration of the burr to the end of the guard means that the system registers when the burr is covered by the guard or cutting. Reprinted with permission from Blue Belt Technologies Inc (Plymouth, MN, USA). handpiece is moved out of the cutting zone, the burr retracts within the guard. The second control mode is ''speed'' mode in which the burr only becomes active in the cutting zone. The speed of the rotating burr is at full power/ full speed until the intended bone is removed or it is moved beyond the desired preparation volume, at which point it linearly ramps down to zero.
After planning for size, position, alignment, bone volume, and gap balancing, the arthritic cartilage and bone are methodically removed using the handheld sculptor. The depth of bone to be removed is color-coordinated, in which the target surface is yellow, the green surface indicates 1 mm of bone still to be removed, the blue surface indicates 2 mm of bone still to be removed, and the purple layer represents 3 mm or more bone to be removed ( Fig. 3 ).
Validation Study
The study was approved by the University of Strathclyde's ethics committee. In an experimental study, UKA was performed using Navio TM in 25 fresh-frozen cadavers (hemipelvis, hip to toe) donated by the Anatomy Gift Registry (Hanover, MD, USA). For consistency, all of the tests in this study used Tornier HLS UNI Evolution implants (Tornier, Montbonnot, France). All procedures were medial UKAs. The sizes of the implants were planned for the individual cadavers and therefore the implant sizes varied among cadavers.
The study was conducted by four individuals, three experienced arthroplasty surgeons (JHL, FP, BH) and one research Fellow (JRS), trained to use the system on synthetic bones (Sawbones 1 ; Pacific Research Laboratories Inc, Vashon, WA, USA) before the cadaveric validation study. Each user completed a different number of cadaver tests (JHL n = 10, JRS n = 5, FP n = 3, BH n = 7). The system was set up in a tissue laboratory in the same configuration as a typical operating room. Arrays consisting of four reflective optical markers in an asymmetric cluster were attached to partially threaded bicortical pins, which were drilled into the metaphyses of the femur and tibia. The robotic handpiece and the probes had four reflective optical markers, which were also tracked by the NDI Polaris Optical Tracking System (NDI medical, Northern Digital Inc, Ontario, Canada), which has a passive rigid body accuracy of mean 0.185 (root mean square 0.231, SD 0.137) [34] .
Bone preparation was performed per the manufacturer's recommended technique for robotic UKA with the Tornier HLS UNI Evolution implants. The femoral component, with a central lug and keel, was impacted rigidly onto the prepared bone surface and the slotted trough and peg hole on the femoral condyle optimized positioning of the component. The tibial implant in this particular design is a cemented unconstrained all-polyethylene insert. This implant design has reported good clinical and radiological results [18] . It was designed without lugs or keel to allow variable positioning on the AP axis based on intraoperative assessment of positioning relative to the femoral component. Therefore, the translational position of the tibial component on the AP axis could only be estimated. At the time this study was conducted, this was the only implant product that the system was programmed to be used with.
The main objective of the study was to assess the accuracy of the system by comparing the planned implant orientation with the actual implant orientation and report the errors calculated between the two orientations. Therefore, the positions of the implants were recorded after Novel Image-free Handheld Robot for UKA 209 implantation using specially machined divots in the implants. A ball-point probe with optical markers was used to record the position of the divots and from this a threedimensional image of the implant position was calculated and compared with the original plan. The planned and actual cut surfaces were also compared to determine any over-or undercutting of the bone surface. The mean error and root mean square (RMS) errors were determined for each measure. The difference between the ''plan'' and ''actual'' implant position was the calculated ''error.'' The directionality of the error was not investigated; therefore, the error values were reported as a positive value. RMS was used because the errors were positive and negative values and an average would dilute the error reported. The surgeons were not involved in the data collection or analysis.
Results
The mean recorded variances in the cut surface compared with the preoperative plan were À0.30 mm (SD 0.25 mm) for the femur and À0.26 mm (SD 0.27 mm) for the tibia (negative values represent undercutting). The RMS error was 0.67 mm (SD 0.37 mm) and 0.61 mm (SD 0.29 mm) for the femoral and tibial preparation, respectively. The femoral implant angular mean error was 1.04°to 1.88°, and the mean translational error was 0.72 to 1.29 mm across the three planes ( Table 1 ). The femoral RMS error ranged from 0.88 to 2.27. The tibial implant angular mean error was 1.48°to 1.98°, and the mean translational error was 0.79 to 1.27 mm across the three planes. The tibial RMS error ranged from 0.95 to 2.43. There were no significant differences in alignment and implant position measures or variations between surgeons or the research fellow.
Discussion
Semiautonomous robotic systems combine human expertise in surgical planning with the accuracy and reproducibility of a robotic device. They have been shown to be effective in reducing variance and improving precision in bone preparation [5, 7, 17, 28, 29] . Unlike its predecessors [5, 7, 17] , the handheld robotic sculptor analyzed in this study does not require a preoperative CT scan. In this study, we found the accuracy of this system to be in the range of 0.8 to 1.3 mm of translation and 1°to 2°o f alignment. This study had a number of limitations. The user group consisted of three experienced orthopaedic consultants and one research fellow. Although each user completed a different number of cadaver tests, there was no significant difference in the errors recorded between users. This study was completed in a laboratory using consultants and a researcher who were familiar with the system and instrumentation, although the procedures were done early in the users' learning curve. Future work is required to determine whether similar results are attainable in a clinical setting with a broad range of surgeons with varying experience with the system, robotics, and navigation for knee arthroplasty. In addition, future research will be required to determine the learning curve associated with this imageless system as well as analysis of the economic argument of whether the clinical outcome for the patient justifies the additional equipment costs.
In an initial feasibility study of this robotic system, Smith et al. [29] assessed the accuracy of bone preparation in 20 synthetic lower extremities and reported errors that were comparable with those calculated in this cadaveric study. Despite relying entirely on intraoperative surface registration and mapping, this study found that this imagefree system provides accuracy equivalent to that of earlier robotic devices ( Table 2 ).
In the cadaveric tests performed in this study, the tibial components were screwed onto the prepared bone to rigidly secure the implant position. However, with no lugs for a corresponding post hole to indicate where the implant placement had been planned on the AP axis, translational position on the AP axis could not be considered completely accurate. Therefore, the translational error in the AP position of the tibial component could be considered a worst-case scenario. The data reported in our current study are consistent with earlier studies from other robotic systems on the market [5, 7] and support the hypothesis that variance of precision of bone preparation and implant placement is limited and accuracy may be improved with this robotic technology.
In conclusion, the results of this cadaveric study showed that bone preparation and implant position using this device were within a mean of 1.3 mm and 2°of the planned implant position. Our results are comparable with those published from clinical studies investigating other semiautonomous robotic orthopedic devices [5, 7] . Future studies will determine the accuracy in clinical use compared with conventional techniques as well as functional outcomes and implant durability with this image-free robotic system, all of which are important elements of successful UKA. Certainly given the nature of this current study, these issues cannot be addressed at this time. 
